: Sequence analysis of candidate genes in two Roma families with severe tooth agenesis. Vol 48, No.3,[945][946][947][948][949][950][951][952][953][954]. Selective tooth agenesis is the most common congenital disorder affecting the formation of dentition in humans. Both its forms (hypodontia and more severe oligodontia) can be found either in isolated form and they can be associated with systemic condition (syndromic tooth agenesis). In addition to previously known genes (PAX9, MSX1 and AXIN2) mutations in EDA, EDARADD and WNT10 gene were recently found to be involved in isolated forms of tooth agenesis. The objective of this study was to characterize the phenotype of affected members in two large families of Roma origin segregating severe isolated tooth agenesis with very variable phenotype and to perform mutation analysis of seven genes with aim to find causal mutation. 26 family members were clinically examined and coding regions of seven genes (MSX1, PAX9, AXIN2, EDA, EDAR, EDARADD and WNT10A) were sequenced. With exclusion of third molars, average number of missing teeth was 8.2 ± 4.9 in family 1 and 7.1 ± 2.3 in family 2. The most frequently missing teeth were maxillary lateral incisors and first premolars and mandibular central incisors. Sequencing revealed four potentially damaging variants (g.Ala40Gly in MSX1, g.Ala240Pro in PAX9, g.Pro50Ser in AXIN2 and g.Met9Ile in EDARADD); however, none of them was present in all affected family members. Variable phenotype in both families examined in this study is in favour of heterogeneous genetic cause of tooth agenesis in these families: possible interaction of 946 GENETIKA, Vol. 48, No3, 945-954, 2016 several defected genes, sequence variants in regulatory regions and additional environmental factors is assumed.
INTRODUCTION
Tooth agenesis is the most common congenital disorder/abnormality affecting the formation of the dentition in humans. When third molars are excluded due to its common absence, the tooth agenesis affects around 5% of the population (POLDER et al., 2004) . Oligodontia, the more severe form of tooth agenesis which is defined as absence of six or more teeth excluding third molars, affects only around 0,1% of population while the rest of the cases is afflicted by hypodontia, in which less than six teeth are missing (NIEMINEN, 2009) . Tooth agenesis can be found either in isolated form (non-syndromic) or it can be associated with systemic condition or syndrome, such as various types of ectodermal dysplasia (syndromic tooth agenesis). Non-syndromic tooth agenesis can be sporadic or familial, familial forms demonstrate mostly autosomal dominant inheritance with reduced penetrance and variable expressivity (VASTARDIS, 2000) .
Genetic and environmental factors are considered to interact in aetiology of tooth agenesis. Mutations in three genes are most frequently associated with hypodontia or oligodontia -MSX1, PAX9 and AXIN2 gene. However, the number of tooth agenesis cases explained by mutation in these genes is relatively small. Mutations in EDA, EDAR, EDARADD and WNT10A genes can result in serious craniofacial malformation or in ectodermal dysplasia BOHRING et al., 2009; CHASSAING et al., 2006; HAN et al., 2008; MASUI et al., 2011; NAGY et al., 2010; NAWAZ et al., 2009; RASOOL et al., 2008) . As a matter of fact, these four genes account for 90% of hypohidrotic/anhidrotic ectodermal dysplasia cases (CLUZEAU et al., 2011) . However, the latest research associates them also with cases of non-syndromic form of tooth agenesis (ABDALLA et al., 2014; BERGENDAL et al., 2011; HAN et al., 2008; KANTAPUTRA and SRIPATHOMSAWAT, 2011; SONG et al., 2009; SONG et al., 2014 ; VAN DEN BOOGAARD et al., 2012) . Therefore, the research studying genetic background of isolated tooth agenesis is recently more focused on components of signalling pathways Eda/NF-kB and Wnt/B-catenin, in which above mentioned genes play important roles. Considering that cases caused by mutations in these genes were described only by a single author or a small number of authors, share of these genes on the genetic background of hypodontia is not clear yet. However, it is already doubtless that these genes are responsible for a large proportion of hypodontia and oligodontia cases; van den BOOGAARD et al. (2012) and ARZOO et al. (2014) in their recent studies found mutations in WNT10A gene itself to account for 1/2 and 1/4 of oligodontia cases, respectively.
The objective of present study was to characterize the phenotype of affected members in two Slovak families segregating severe tooth agenesis and to perform mutation analysis of seven genes with aim to find causal mutation.
MATERIALS AND METHODS

Patients
The study was conducted under consent of all included family members or their legal representatives and approved by institutional committee. Three patients (17 year old boy, 11 year old girl and 14 year old boy) were referred by dental clinics in Prešov district, Slovakia. These probands and their family members were invited to the clinic and asked to participate in the study. Including probands, 26 family members (15 men and 11 women) were included in the study. Children under four years were not included (two sibling pairs in family 1 and one sibling pair in family 2). All participants were clinically examined, their dental records were reviewed and diagnosis was confirmed by panoramic radiographs. Third molars were not evaluated. All family members identified themselves as Roma and all belong to Romungro/Carpathian Roma group. Pedigree construction was carried out through interviews. Family relationship was revealed between two probands (the girl and the younger boy), thus two extended pedigrees were formed. No further relationship was revealed between the two families. However, based on close proximity of family residences (one part of family 1 lived in the same village than family 2, another part in neighbouring village), on endogamy that is typical for Roma village communities in this region, and on characteristics of Roma ethnic group, distant relationship of these families was anticipated.
DNA sequencing
Buccal swabs were obtained from probands and family members on the clinic. Genomic DNA was isolated from the swabs using a tissue DNA isolation kit (MO BIO Laboratories Inc.). All exons and exon/intron junctions of MSX1, PAX9, AXIN2, EDA, EDAR, EDARADD and WNT10A genes were amplified and sequenced from both sides in three affected individuals from each family. Exons containing potentially damaging mutations were then sequenced in three healthy individuals from each family. Sequencing was performed on an automated sequencer 3500 Genetic Analyser (Life Technologies) using a terminator kit BigDye version 3.1 (Life Technologies). Primer sequences and reaction conditions are available upon request. Obtained sequences were compared with the reference sequences in the NCBI database (http://www.ncbi.nlm.nih.gov/Genbank).
RESULTS
Examination of all 26 available family members (Figure 1 ) indicated that 15 individuals (6 from family 1, 9 from family 2) were affected by tooth agenesis, including 4 patients with hypodontia (less than 6 teeth missing) and 11 patients with oligodontia. Individual F1-2 lost all his teeth in accident in childhood, and we cannot establish whether he is affected by tooth agenesis. No ectodermal abnormalities of nails, hair, skin, or sweat glands were present in any of the examined family members, indicating an isolated non-syndromic tooth agenesis. Autosomal dominant inheritance with reduced penetrance was assumed in family 1. In family 2 distant relationship was revealed between F2-1 and F2-2, however, affected status of all their children old enough for evaluation and also inheritance in the second part of family suggests autosomal dominant pattern of inheritance as well. However, even though dominant inheritance was determined as the most likely mode of inheritance, recessive mode with a high prevalence cannot be ruled out. Pedigrees are shown in Fig 1. With exclusion of third molars, number of missing teeth was 4 to 17 (mean 8.2 ± 4.9) in family 1, and 4 to 12 (mean 7.1 ± 2.3) in family 2 (Table 1 ). The pattern of missing teeth was very irregular. Additionally, six and three teeth were microdont and peg shaped in patients F1-5 and F1-6, respectively. Patient F2-3 had considerably peg shaped maxillary central incisors.
Sequencing coding regions of seven genes (MSX1, PAX9, AXIN2, EDA, EDAR, EDARADD and WNT10A) in three affected individuals from each family revealed four potentially damaging variants in four genes: g.Ala40Gly in MSX1, g.Ala240Pro in PAX9, g.Pro50Ser in AXIN2 and g.Met9Ile in EDARADD (Table 2 ). N -number of missing teeth excluding third molars, M -molar, P -premolar, C -canine, I -incisor, * -missing tooth, m -microdontia, p -peg shaped teeth, max. -maxillary, mand. -mandibular
Table 2. Mutations identified in six individuals affected by isolated tooth agenesis and respective genotypes.
Genotype abbreviations are formed of respective nucleotides. DISCUSSION In familial form of isolated hypodontia or oligodontia, same mutation is expected in all affected family members. In this study, we investigated two large families segregating severe tooth agenesis. Because of endogamy that is known to characterize Roma community where both families belong, we have expected to find one mutation causing tooth agenesis in both families.
Number of missing teeth is very variable in both families. All of the affected individuals had bilateral tooth agenesis, and most of them had teeth missing in both maxilla and mandible, except for F1-5, F1-9 and F2-11, who had only maxillary tooth agenesis. The most frequently missing teeth in both families were maxillary lateral incisors and first premolars and mandibular central incisors. It is interesting to note, that sometimes big differences are seen in a pattern of missing teeth even between siblings (F1-5 and F1-7; F2-3 and F2-5), although in another sibling group the type of missing teeth is almost identical in all four children (F2-9,F2-10, F2-11 and F2-12). Seven genes were selected for sequencing analysis. In addition to MSX1, PAX9 and AXIN2 genes, that are well known to be associated with isolated tooth agenesis, we have sequenced WNT10A, EDA, EDAR and EDARADD genes. Number of reported cases of isolated oligodontia caused by mutation in this gene has been increasing lately (ABDALLA et al., 2014; BERGENDAL et al., 2011; HAN et al., 2008; KANTAPUTRA and SRIPATHOMSAWAT, 2011; SONG et al., 2009 ; VAN DEN BOOGAARD et al., 2012) . So far, no mutation in EDAR gene is known to cause isolated hypodontia. However, we have decided to include EDAR to the list of sequenced genes, because of its crucial role in development of teeth and its interaction with EDA and EDARADD, both of which were lately found to be associated with isolated tooth agenesis (BERGENDAL et al., 2011; HAN et al., 2008; SONG et al., 2009) .
Sequencing exons of seven genes in six affected family members revealed four variants (Table 2 ). Substitution p.Ala40Gly (c.119C>G) in MSX1 was present in F1-6, F1-7, F2-6 and F2-10, but not in F1-5 and F2-7. Assigned as rs36059701, p.Ala40Gly is a common variant with MAF (minor allele frequency) = 0.13, with no evidence so far of phenotypic consequence (http://www.ensemble.org), and therefore unlikely to be a cause of tooth agenesis in our families.
Another detected polymorphism, PAX9 p.Ala240Pro (c.718G>C), is also a common SNP with MAF=0.34 (rs4904210) (http://www.ensemble.org). However, there are studies that suggest that this substitution could affect mRNA and protein secondary structure (MU et al., 2013) , and that it is probably functional and could be associated with 3 rd molar agenesis (KULA et al., 2008; PEREIRA et al., 2006) . Findings of WANG et al. (2011) imply that that p.Ala240Pro is a risk factor for oligodontia in Chinese population and PAIXÃO-CÔRTES et al. (2011) CALLAHAN et al., (2009) reports its significant association with tooth agenesis. The SNP is also known to be associated with lung cancer (GUNES et al., 2009) and astrocytoma (GUNES et al., 2010) in Turkish population. There is no evidence that AXIN2 Pro50Ser affects secondary structure of protein (http://www.ensemble.org). In the present study, we found three affected individuals to have CT genotype and three to have TT genotype, however all six healthy family members that were sequenced also had one of these genotypes.
In EDARADD gene, whose mutation was lately reported to cause isolated oligodontia (BERGENDAL et al., 2011) , p.Met9Ile (c.27G>A) was detected (rs966365, MAF=0.23). The substitution was not present in all sequenced individuals; five had AA genotype and one GA genotype. Like the AXIN2 variant, this substitution was present also in all healthy family members, with either AA or GA genotype.
Altogether, none of the detected variants can be considered as a single causative variant in our patients. All of four missense variants appear to be common SNPs, even though two of them were previously associated with isolated tooth agenesis. Moreover, all of them were found also in healthy family members. These facts make each of the variants unlikely to be a primary cause of tooth loss in the examined families.
In generally, there is very high incidence of hypodontia and oligodontia, and only small fraction of the cases can be explained by mutations in the known genes (BERGENDAL et al., 2011) . One reason for this discrepancy can be simply that there are genes yet to be discovered. It is also very likely that sequence variants in the regulatory regions of genes involved in the tooth genesis may play an important role in aetiology of hypodontia and oligodontia. Possibility that the two families do not share the same genetic cause of this common condition cannot be ruled out. Although isolated oligodontia is in generally considered to be mainly autosomal dominant disorder (reviewed in ref. , recent studies prove that biallelic inheritance may play an important role in genetic background of the disease (ARZOO et al., 2014; HE et al., 2013; MOSTOWSKA et al., 2006; PAIXÃO-CÔRTES et al., 2011) . Screening large cohorts for concurrent variants and additional functional studies will be needed to support this theory.
In conclusion, the most likely explanation why the single causative variant was not discovered in the examined families is a complex genetic background of tooth agenesis, and the condition is a result of interaction of several defected genes, sequence variants in regulatory regions and additional environmental factors. Very variable phenotype in both families examined in this study is in favour of heterogeneous genetic cause of tooth agenesis in these families.
